Abstract: Planktonic foraminifera are a source of important geochemical, palaeoceanographic, and palaeontological data. However, many aspects of their ecology remain poorly understood, including whether or not gross morphology has an ecological function. Here, we measure the force needed to crush multiple planktonic foraminiferal morphotypes from modern core top and tow samples. We find significant differences in the resistance of different morphotypes to compressional force. Three species, Globorotalia tumida (biconvex, keeled), Menardella menardii (discoidal, keeled), Truncorotalia truncatulinoides (conical, keeled), require on average 59% more force (1.07 v. 0.47 N) to crush than the least resistant species (Orbulina universa and Trilobatus sacculifer) in core-top samples. Towed samples of pre-gametogenic individuals also show significant differences of the same magnitude (0.693 v. 0.53 N) between the conical (T. truncatulinoides) and globular/ spherical morphologies (Globoconella inflata and O. universa). We hypothesize that the greater compressional strength of certain shapes confers a fitness advantage against predators and could contribute to the repeated, convergent evolution of keeled, conical and bi-convex forms in planktonic foraminifer lineages.
Throughout their fossil record, planktonic foraminifera have repeatedly converged on a limited number of gross morphologies (i.e. morphotypes). Characteristic morphological features, such as reinforced 'keeled' margins and elongated 'digitate' chambers, have evolved, gone extinct and re-evolved in different lineages in a process known as iterative evolution (Cifelli 1969; Norris 1991; Coxall et al. 2007 ). The characteristic evolutionary sequence leads from a relatively simple, globular (globigerine) form to a more derived morphotype like those including keeled margins and biconvex or conical forms (Cifelli 1969; Norris 1991) .
This pattern of iterative evolution suggests that there may be adaptive advantages to different morphologies, but what these advantages might be is still unclear. In a 1979 review, Lipps presents five hypotheses to account for the ubiquity of convergent evolution in planktonic foraminifera: (1) there is a limited number of possible forms (i.e. convergence is inevitable); (2) physical forcesparticularly surface tension -shape foraminiferal tests; (3) test shape relates to buoyancy control; (4) test shape regulates orientation in the water to reduce settling speed; and (5) some morphologies provide greater defence against predation (Lipps 1979) . The first two hypotheses were immediately rejected by Lipps as having already been disproven. In the first case, Lipps referenced Loeblich & Tappan's (1964) illustration of the morphological diversity of planktonic foraminifera to argue against limits on the number of possible foraminiferal forms. More recent modelling studies suggest this argument may be premature, as they show that much of the theoretical foraminiferal morphospace has been exploited repeatedly (Tyszka & Topa 2005; Tyszka 2006 ). In short, morphological constraint can no longer be so completely discounted. For the second case, put forth by Thompson (1961) , Lipps argues that surface tension alone is an oversimplification of the factors that affect cell dimensions and is insufficient to explain the range of morphologies. Foraminiferal gross morphology is often attributed to hydrodynamic controls, including buoyancy, settling and preferred orientation (Marsalek et al. 1969; Lipps 1979; Caromel et al. 2014) , the third and fourth hypotheses in Lipps (1979) . Multiple factors affect buoyancy, including the composition of cytoplasm, the volume of the test occupied by the living cytoplasm, and the test density and weight (Marsalek et al. 1969; Lipps 1979) . Together these factors can determine whether an individual sinks, floats or maintains its depth habitat. Likewise, individuals can also reduce their sinking speed by adopting and maintaining specific body orientations (Lipps 1979) . This was extensively explored in a 2014 study by Caromel and colleagues, where they used hydrodynamic models to conclude that buoyancy control and orientation can require very minor morphological changes in test dimensions and density relative to those observed (Caromel et al. 2014) . In other words, neither explanation can account for the range of morphologies observed in fossil and living taxa.
The third viable hypothesis of Lipps -that different morphologies serve to prevent or limit selective predation -has remained largely unexplored, even though zooplankton predators exert heavy selective pressure in the pelagic realm in general (Lipps 1979; Smetacek 2001) . Diatoms -planktonic photoautotrophs with siliceous tests called 'frustules' -also have a wide array of frustule shapes and structures. It has been hypothesized that these shapes deter mesoplankton grazers, such as pelagic copepods and euphausids (Smetacek 2001; Hamm et al. 2003) . The resistance of diatoms to crushing has been tested experimentally and it has been shown that the frustules can resist surprisingly high crushing forces of up to 7 N mm −2 (Hamm et al. 2003) . Moreover, the force needed to crush diatom frustules varies among species of different shapes, potentially offering different levels of defence (Hamm et al. 2003) . The same defensive benefits and variation among morphologies may apply to planktonic foraminifera (Lipps 1979; Hemleben et al. 1989) but have yet to be tested.
There are reasons to suspect that selective predation may play a role in shaping foraminiferal morphology. Some features of planktonic foraminifera, such as the pyramidal shape of Truncorotalia truncatulinoides or the long, bulky spikes of the extinct Hantkenina mexicana, may be unwieldy or hard to bite and crush for a zooplankton predator, causing the predator to preferentially feed on unarmoured individuals. Even small differences in the amount of time a predator spends trying to capture and ingest its prey (i.e. handling time) can affect optimal foraging behaviour of selective zooplankton predators and the rate at which they can cull populations of their prey species (Holling 1959; Chang & Hanazato 2005) . Arthropod predators, such as copepods and crabs, have been observed to feed preferentially on easier to crush or open-shelled prey when the option is available (Boulding 1984; Katz 1985; Chang & Hanazato 2005) . Handling time can shape population size over extended time-scales through differential mortality rates by morphotype (Holling 1959; Werner & Hall 1979; Jeschke et al. 2002; Chang & Hanazato 2005) . Even if the bulk of predation pressure on planktonic foraminifera were by indiscriminant feeders (like filter-feeding fish), a small proportion of selective feeding is enough to cause differential survivorship due to morphology. Along these lines, there have been anecdotal accounts of crushed planktonic foraminifera in the guts of arthropods (Bé & Hutson 1977; Lipps 1979; Hemleben et al. 1989) .
A few published studies have explored the resistance of foraminifera to compressional forces and found differences among morphotypes (Whetmore 1987; Whetmore & Plotnick 1992; Pearson et al. 2015) . In an experiment on benthic foraminifera, crushing resistance was positively correlated with test diameter and wall thickness in several of the species tested, and species with biconvex morphologies (Elphidiella hannai, Islandiella limabata and Oolina borealis) were generally the most resistant to crushing (Whetmore 1987) . Another study related crushing resistance to wave-stress in the benthic Archaias angulatus, Amphistgina gibbosa and Laevipeneroplis proteus (Whetmore & Plotnick 1992) and found that the strongest species occurred in the most dynamic benthic environments. This relationship also held true within populations of the same species, Archaias angulatus. More recently, in the only crushing study to date on planktonic foraminifera, Pearson et al. (2015) explored the compressional forces needed to crack planktonic foraminiferal tests. The aim was to determine whether diagenetically recrystallized fossil tests of two different species, Cribrohantkenina inflata and Turborotalia cerroazulensis, were less resistant to compression than unaltered fossil tests. They found that unaltered tests were stronger than altered tests and that the more conical species, T. cerroazulensis, was stronger than the more globular species.
Inspired by the report by Pearson et al. (2015) , we herein test whether morphologically distinct, well-preserved modern planktonic foraminiferal tests vary in their resistance to compressional forces (i.e. 'crushing resistance'). The eight species used in this analysis, Trilobatus sacculifer, Orbulina universa, Globigerinoides conglobatus, Globoconella inflata, Neogloboquadrina dutertrei, Globorotalia tumida, Menardella menardii and Truncorotalia truncatulinoides, span much of the morphological range of modern planktonic foraminifera and include forms with varying test-wall thickness (Fig. 1) . Relative crushing resistance amongst taxa is then considered with regards to predation on planktonic foraminifera and preservation potential in the fossil record.
Materials and methods
Three samples (two core top and one tow) were picked for approximately 15 individual empty foraminiferal tests per target species for crushing experiments. A different subset of the eight target species was obtained from each sample locality, given the availability of species within that locality. The eight species targeted were chosen based on abundance, morphology and wall thickness, and included the globigerinoid foraminifer Trilobatus sacculifer (formerly Globigerinoides sacculifer, see Spezzaferri et al. (2015) ); the spherical Orbulina universa; the calcite-encrusted globigerinoid Globigerinoides conglobatus; the rounded, cuboidal Neogloboquadrina dutertrei; the inflated, semi-conical chambered turborotalid Globoconella inflata; the keeled, biconvex globorotalid Globorotalia tumida; the keeled, compressed, thin-walled globorotalid Menardella menardii; and the conical globorotalid Truncorotalia truncatulinoides (Fig. 1 ). Species were identified based on the species concepts of Kennet & Srinivasan (1983) , with naming after Aze et al. (2011) (with the exception of T. sacculifer; Spezzaferri et al. (2015) ).
Two types of samples were used: core-top samples and net-tow samples. The first was used to sample a range of abundant taxa and the second to test how gametogenic-calcite (added immediately prior to death) might influence our inferences. In the KC78 core-top sample, T. sacculifer, O. universa, G. tumida, N. dutertrei, M. menardii and G. conglobatus specimens were picked from the 425 -600 and 600 -710 μm sieve size fractions. The KC78 coretop was sampled at 5.267°N by 44.133°W in the South Atlantic Ocean at a water depth of 3273 m by Woods Hole Oceanographic Institution (Sun et al. 2006) , and provided by Bruce Corliss (University of Rhode Island, Graduate School of Oceanography). KC78 is a diverse assemblage dominated by the mixed-layer dwelling species T. sacculifer, with abundant O. universa, M. menardii and G. tumida in the size fractions picked. Two other species, N. dutertrei and G. conglobatus, although relatively rare, were also included in the study because of their distinct morphologies. The AII60-10 core top sample was provided by Richard Norris (Scripps Institution of Oceanography) and obtained from 29.660°S and 34.667°W at 1840 m water depth by the Woods Hole Oceanographic Institution's Atlantis II research vessel. Specimens of O. universa, T. truncatulinoides and G. tumida were picked from AII60-10. Three species, G. inflata, O. universa and T. truncatulinoides, were picked from two net tows and combined for this study: TAN1106/40 and TAN1106/50. The TAN1106/40 and TAN1106/50 localities were sampled at 48.796°S by 165.497°W from <150 m water depth in 2011 by the National Institute of Water and Atmospheric Research's Solander Trough Cruise with a Multiple Opening/Closing Net and Environmental Sensing System (MOCNESS, Wiebe et al. 1976) . Globoconella inflata, O. universa and T. truncatulinoides were very abundant in the 300 -600 μm size fraction and provide a 'living assemblage' test of our inferences otherwise made from postgametogenic core-top individuals. Yale Peabody Museum catalogue numbers (YPM#) for all samples are listed in Table 1 . All specimens from AII60-10 and TAN1106, and a number of individuals of G. tumida and M. menardii from KC78, were photographed from the umbilical view and measured along their major and minor axes prior to crushing using a stage micrometer and ImageJ software (Abramoff et al. 2004) . The area of individually measured foraminifera was estimated by multiplying the major and minor axes. Wall thickness was measured by breaking off the final chamber (excluding kummerform chambers) of individual foraminifers from each species, imaging them so that a cross-section of the chamber wall was visible, and measuring the wall thickness using ImageJ.
To precisely measure crushing resistance of fossil foraminifera under compression, Pearson et al. (2015) used a Losenhausen servohydraulic testing machine with a 5 N Interface S-Beam load cell. For our study, we designed a relatively simple crushing rig to mount and crush foraminifera via incremental weight addition. Specimens were mounted on either their umbilical or spiral side, depending on which one provided the most stable (i.e. flat) surface. The mass needed to crush a test was determined by subsequent weighing of the weights after test failure, and the compressional force was calculated in Newtons as mass × acceleration (i.e. 9.807 m s -2 ). Many design iterations were explored, but the most effective apparatus was a tube constructed from 20 ml plastic syringes (Fig. 2) . The plunger of one syringe acts as a stage (Fig. 2f ) , to which a foraminifer is fixed, orientated dorso-ventrally, as pictured in Figure 1 , with double-sided tape. Over this stage, a sleeve made from two syringes (Fig. 2d) , guides a second plunger fitted with a metal peg (Fig. 2b and c) . The metal peg rests directly on the target foraminifer and applies the overlying weight to the specimen (Fig. 2) . A small receptacle for weights rests on top of the second plunger (Fig. 2a) . In each crushing experiment, small metal weights were carefully added to the dish until the specimen broke, causing the upper part of the rig to visibly drop. The combined mass of the weights at breakage and mass of the peg/plunger/dish apparatus were measured and converted to Newtons.
All statistical analyses were performed using built-in functions in RStudio version 0.97.55. To determine whether parametric or nonparametric statistics were appropriate, we tested the distribution of compressional forces for each species (by sample) for normality using the Shapiro-Wilk test. The data from two sample sets failed the tests of normality (see below for details), leading us to use nonparametric statistics. After deciding to use non-parametric statistics, we tested for significant differences among species and samples using a one-way Kruskal-Wallis ANOVA. Kolmogorov-Smirnov tests were then used to identify those pairs of taxa with significantly different compressional force distributions.
Results
Compressional force at crushing was measured for each species and case (core top or tow and size class) in 12 -17 individuals. All species showed variability in the distribution of crushing resistance values ( Fig. 3; Table 1 ). For instance, the compression force at crushing for Trilobatus sacculifer individuals ranged from 0.249 to 0.726 N. In most cases, the force needed to crush individuals of a given species were normally distributed (i.e. they failed to be rejected by a Shapiro-Wilk test for normality). The two exceptions were the towed Orbulina universa from TAN1106 and the core-top Trilobatus sacculifer from the 600 -710 μm sieve size fraction of KC78. Because these two cases failed the Shapiro-Wilk test for normality, non-parametric statistics were used.
Within species groups and localities, the relationship between test area and compressional force at failure was weak or non-existent. Across all individuals, compressional force at failure was significantly correlated with test area (P-value = 0.0001), but the variance explained was low (r 2 = 0.121). When analysed by species and locality, no locality or species had a significant relationship between test area and failure force.
Similarly, a linear regression detected no significant relationship between mean test thickness and the mean force at failure for each species from each locality (r 2 = 0.003, P = 0.852, Fig. 4 ). Within samples, O. universa typically had among the highest test wall-thicknesses measured (Table 1, Supplementary Table 3) . Orbulina universa and G. tumida were significantly thicker that T. truncatulinoides in the AII60-10 core top sample. Orbulina universa was also significantly thicker than the other species in the towed sample, TAN1106. In the larger size fraction of KC78, O. universa was thicker on average than the other species in the larger size fraction of KC78, but not significantly so. Finally, G. conglobatus was significantly thicker than all other species in the smaller size fraction of KC78. Variation in wall thickness was high, with coefficients of variation as high as 0.51 for the towed specimens of O. universa from TAN1106. Globigerinoides conglobatus and G. tumida from KC78 (425 -600 μm size fraction) had the lowest coefficients of variability (0.13).
Significant differences in the distribution of the crushing resistance of species were tested with a one-way Kruskal-Wallis ANOVA for each case (P-values in Table 2 ). Kolmogorov-Smirnov tests (Supplementary Table 2 ) were then used to determine which pairwise comparisons were statistically different. The conical and biconvex species were significantly more resistant to crushing under compression as compared to the other species in all samples tested. In the core-top KC78, G. tumida (μ = 1.32 N) and M. menardii (μ = 0.944 N) were significantly more resistant to compressional force than all other species (P-value < 0.001) by 48% on average, but did not differ significantly from one another (P-value = 0.076). A separate Kruskal-Wallis test of the four relatively weak species from KC78, O. universa (μ = 0.499 N), G. conglobatus (μ = 0.585 N), N. dutertrei (μ = 0.618 N) and T. sacculifer (μ = 0.475 N), also found significant differences amongst species (P-value = 0.017; see Supplementary Table 2 for pairwise ). In the core top AII60-10, G. tumida and T. truncatulinoides were significantly more resistant (36% on average) to crushing force than O. universa (P-value < 0.001), with mean crushing forces of 1.053, 1.26, and 0.419 N, respectively. Similarly, in the TAN1106 towed sample, T. truncatulinoides was significantly more resistant (63% on average) to crushing force than the O. universa and G. inflata (P-value < 0.001), with mean crushing forces of 0.639, 0.421, and 0.379 N respectively. In the same sample, O. universa crushed under significantly less force than G. inflata. Across samples, G. tumida, M. menardii and T. truncatulinoides were significantly more resistant to crushing force than the other species tested (Supplementary Table 2) .
Orbulina universa was present in all four cases examined (coretop KC78 425 -600 μm, core-top KC78 600 -710 μm, core-top AII60-10 and tow TAN1106) and consistently showed the greatest variability in compressional force, as indicated by the coefficient of variation (0. 
Discussion
Modern planktonic foraminifera differ in their resistance to crushing, as measured by mean compressional force at test failure. Of the eight species tested, the most resistant species were Menardella menardii, Globorotalia tumida and Truncorotalia truncatulinoides, which have biconvex keeled (M. menardii and G. tumida) and conical keeled (T. truncatulinoides) morphologies. For instance, in the core-top sample KC78, M. mendardii and G. tumida were on average 1.5 and 2 times more resistant to crushing than the next most resistant species, Neogloboquadrina dutertrei, in the 425 -600 μm size fraction. More generally, biconvex and conical species had between 1.4 and 3 times the compressional strength of the more globular species (Tables 1, 2 and Results) and this compressional strength was unrelated to variation in wall thickness across species (Table 1; Fig. 4) .
The aim of this study was to understand how mean compressional force at test failure varies amongst species and how this might affect (and reflect) their ecology. For this, the comparison between core- Fig. 4 . Average values for wall thickness and force at failure for each species group from each locality, with 95% confidence intervals denoted by error bars. There is no significant relationship between the thickness of the final chamber and resistance to compressive force. For KC78, the larger diamond icons indicate averages from the 600 -710 μm size fraction and the smaller diamond icons indicate averages from the 425 -600 μm size fraction. top and tow samples is important. Individuals from tow samples were pre-gametogenic. That is, they had yet to reproduce and add the extra layer of calcite that thickens planktonic foraminiferal tests immediately prior to death. We expected that the effect of gametogenesis would be to generally strengthen the foraminiferal test. Following on these expectations, T. truncatulinoides from the tow sample were significantly less resistant to crushing than those from the AII60-10 core top (P-value < 0.001; Fig. 3 ). In addition, failure weights for the towed, pre-gametogenic individuals of O. universa were noticeably skewed toward lower compressional forces (Fig. 5) , although pairwise Kolmogorov-Smirnov tests failed to distinguish amongst core-top and towed samples of O. universa. Counter to our expectation regarding gametogenic calcification, compressional forces were relatively low in the second core-top sample for all species (AII60-10) and comparable to that of the tow sample (see Figs 3b, c and 5 ). This pattern remains unexplained and could indicate a number of things, including a relatively minor role of post-gametogenic wall thickening in the species tested at AII60-10, a relatively greater importance of intraspecific variation in crushing resistance, or relatively poor preservation at AII60-10 as compared to KC78 (note: visual inspection suggested excellent 'glassy' preservation at both core-top sites). Importantly, we found significant differences in crushing resistance among pre-gametogenic species in the tow sample. Specifically, T. truncatulinoides was significantly more resistant, at least 1.5-fold stronger, than O. universa and G. inflata. As with the core-top sample, this significant difference in the mechanical strength existed between the conical T. truncatulinoides and globular/spherical morphologies of O. universa and G. inflata. Although the rest of our comparisons were in core-top individuals, and likely on post-gametogenic individuals, the tow data suggest that the relative relationship amongst species is maintained. In other words, relatively resistant core-top morphologies were also likely relatively hard to crush when living.
In all species measured, we observed a wide variation in the crushing resistance of individuals. Pearson et al. (2015) also observed wide variation in the force at first cracking of tests (forces ranged from 0.2 to 1.7 N) and they hypothesized that this may have been due to undetected wall-defects (cracks) in some individuals. A second possible source of variation is measurement error introduced by the relatively simple crushing rig used here. Weights were added sequentially, with the heaviest weights (7 g lead tabs) being utilized only on the must rugged specimens of G. tumida, M. menardii and post-gametogenic T. truncatulinoides. At times, additional weight of up to 7 g may have been added after test failure. This source of error is relatively small as compared to the standard deviation of failure weights (standard deviations ranged from 11 to 48 g). Additionally, mounting position is critical, but the most difficult to mount specimens (biconvex taxa G. tumida and M. menardii) do not have the highest coefficients of variation, suggesting that this is not a large source of variation.
We suspect that intraspecific variation in test construction and wall thickness may account for some of the within-species variation in crushing resistance observed. For instance, O. universa had the greatest variation in mean weight at failure of all species tested (Table 1; . This broad variation may relate to the known occurrence of 'thin-' and 'thick-'walled morphotypes of O. universa, perhaps coinciding with cryptic species (Hamilton et al. 2008; Morard et al. 2009; Marshall et al. 2015) . In our four samples, we found wall thicknesses of O. universa to range from 14.4 to 49.3 μm (Fig. 4 ; Table 1, Supplementary Table 3) . However, even though high variability of resistance to crushing and high variability in wall thickness were associated in O. universa, wall thickness overall was a poor predictor of crush resistance across species ( Fig. 4) . In many cases, the most crush-resistant species in a sample was, in fact, one of the thinnest walled. For example in the AII60-10 core-top sample, T. truncatulinoides has the thinnest walls and the highest compressional force at failure. Similarly, in the towed TAN1106 sample, T. truncatulinoides requires the highest compressional force to crush and has among the thinnest average testwalls. This suggests that gross morphology, or the shape and the arrangement of the preceding chambers, is key to crush resistance, and not wall thickness.
If higher crushing resistance in planktonic foraminifera leads to higher handling time during attempted predation, and higher handling time results in reduced mortality as it does in other groups (Boulding 1984; Chang & Hanazato 2005) , then a fitness advantage may be conferred on relatively hard to crush species. In Figure 6 , the potential of handling time to affect survivorship of different planktonic foraminiferal species is imagined in a sketch of idealized prey populations with differing crushing resistance under predation. This figure was constructed with Lotka-Voltera type coupled equations, as in Stevens (2009) , which model the interdependent fluctuations of two populations linked by trophic interactions. In general, higher handling times should reduce prey consumption per unit time and lead to higher average population sizes and survivorship over time (Fig. 6) . Populations of planktonic foraminifera might be expected to show this type of behaviour even if most of their mortality was due to non-selective predators. This is because predation by large filter feeders would exert a constant, non-selective pressure on all morphotypes, with just the selective feeding driving the difference in mortality between species. Future evaluation of this predation hypothesis is needed to directly parameterize the relationship between shape and handling time, feeding anatomy of potential predators and the relative importance of other traits, such as spines and palatability. Additionally, we measured compressional strength on the spiral-umbilical axis, but reinforced features such as the keel suggest that the greatest forces experienced in nature may occur in other orientations. Further crushing and feeding experiments could provide more specific insight into the repeated evolution of keels and other features.
Mean compression strength can also have taphonomic effects, influencing the porosity of sediments and the composition of fossil foraminiferal assemblages (i.e. Pearson et al. 2015) . Berger & Piper (1972) explored the differences in dissolution susceptibility as well as sinking and settling speed in relation to preservation potential. Here we can add crushing resistance to the taphonomic data of Berger & Piper (Table 3 , note: compressional strength is considered here independently of subsequent dissolution effects), highlighting the particularly low preservation potential of some taxa (T. sacculifer and O. universa) as compared to others (i.e. G. tumida).
Berger & Piper noted that poorly preserved sediments had higher counts of G. tumida than unaltered sediments. Crushing resistance, in addition to solubility and sinking speed, might contribute to this trend, as many of the species that were identified by Berger & Piper as having low preservation potential are also the species that displayed low crushing resistance in this study.
Conclusion
We have shown that modern planktonic foraminifera vary in their resistance to crushing, as measured by the mean compressional force at mechanical failure. Biconvex, keeled and conical forms, morphotypes that convergently evolved multiple times in the evolutionary history of planktonic foraminifera, are significantly more resistant to crushing than the other morphologies tested. Such resistance could increase the viability of living populations under selective predation, thereby providing a driving force behind the repeated evolution of certain morphologies. Fig. 6 . A theoretical sketch of the effect of crushing resistance on average prey population size. Predation pressure is illustrated for three populations with different predator handling times based on Lotka-Volterra models described in Stevens (2009) and handling time disparities after the range observed in Chang & Hanazato (2005) for water fleas and copepods. Sinking speed and solution rankings from Berger & Piper (1972) , crushing resistance from experimental results in Table 1 (least crushable = high). Relative preservation potential was calculated by combining all three preceding factors into a single score and placing each species into one of three categories.
